Abstract-In the frame of the European circular collider, a conceptual design study for a post-Large Hadron Collider research infrastructure based on an energy-frontier 100 TeV circular hadron collider, a cost model for the dipole arc magnets is being developed. This paper presents an analysis of the different cost drivers for these magnets, in particular for what concerns magnet aperture, the nature and extent of grading, margin and operating temperature.
design as cost effective as possible, (2) compare the optimized design options to each other and make possibly a down-selection of one or two designs. At this stage, we choose to use the cos − θ design option to discuss the main strategic choices. However, the conclusions drawn are equally valid for the other design options. In this paper the results and decisions taken in the initial design phase and the most important cost drivers are discussed.
II. STRATEGIC DESIGN CHOICES

A. Technological Choice of SC Material and its Cost
The LHC dipoles, with a nominal field of 8.33 T, demonstrate the technical limit of Nb-Ti for large scale applications. Only, a few alternatives to Nb-Ti can be realistically considered. In practice only Nb 3 Sn is sufficiently mature to be used in dipoles with higher fields for large scale accelerators. Nb 3 Al has promising parameters [7] , but its critical current is not sufficiently high. The use of High-Temperature-Superconductor (HTS) with fields up to 20 T is under study [2] . However, dipole magnet technology with HTS materials still need years of development efforts, issues of electromagnetic design, mechanics, impregnation, quench detection, manufacturing and cost have to be solved [2] , [8] . For FCC-hh with a c.o.m. energy of 100 TeV a minimum magnetic field of 16 T is required in order to limit the ring circumference to 100 km. Limiting the field to 16 T allows to use Nb 3 Sn conductor and limiting the ring circumference to 100 km allows to fit the tunnel in the Geneva basin [9] .
The Nb 3 Sn conductor cost target including testing and waste was set to a performance based 5 EUR/kA.m [10] at 16 T and 4.2 K, corresponding to 3.4 EUR/kA.m at 16 T and 1.9 K and 450 EUR/kg for a Cu/Non-Cu ratio of 1/1 and the target performance. The performance based cost model is insensitive to the Cu/Non-Cu amount of the wire and motivates manufacturers to increase the critical current density of the wire to use the material most efficiently. A detailed study on the cost of the Nb 3 Sn conductor is currently performed at CERN and will be published elsewhere [11] .
Moreover, for low-field parts of the coil Nb-Ti may be an option and will be studied in this paper. The cost of Nb-Ti wire including testing and waste was 2.5 EUR/kA.m for LHC at 9 T and 1.9 K, corresponding to 260 EUR/kg in 2000 for the target performance and a Cu/Non-Cu of 1.5. This corresponds to 3.1 EUR/kA.m and 330 EUR/kg in 2016, scaled with the Producer Price Index (PPI) for the Euro area 19 [13] .
B. Target Performance of Nb 3 Sn Superconductor
For EuroCirCol a target critical performance of J c = 2300 A/mm 2 at 1.9 K and 16 T [10] , [13] is defined. This performance is around 50% above the HiLumi specification and in fact similar to the one already achieved with the wires used for the HD2c magnet with filaments of around 80 μm [14] . For the FCC dipoles it is also desirable to reduce the filament diameter to 50 μm or below [10] , to reduce persistent-current effects. This approach may allow for smaller multipole correctors; and for lower injection energies and consequently reduced cost for the injectors [15] . The target J c results for the EuroCirCol baseline parameters with a short sample field of about 19 T and typically 1/3 of Non-Cu, 1/3 of Cu and 1/3 insulation and void in the coil cross-section in an overall operational current density J overall of about 350 A/mm 2 and 500 A/mm 2 in the high-and low-field layers, which is close to the values of 350 A/mm 2 [16] of the LHC Nb-Ti dipoles and the 500 A/mm 2 of the 11 T Nb 3 Sn HiLumi LHC dipoles [17] . Initially in the EuroCiroCol study the Cu/Non-Cu value was limited to a minimum of 1/1, as favorable for wire processing. The choice of a Cu/Non-Cu ratio of 1/1 results in low copper current densities in the high-field part in case of quench. The disadvantage is a non-efficient cross-section with slow temperature increase in the high-field region and large temperature gradients between the high-field and the graded low-field regions of the coil in case of quench [18] , [19] . The quench protection strategy is described in detail in [19] .
To overcome this disadvantage a Cu/Non-Cu of 0.8 is currently considered within EuroCirCol, which increases the Cu current density by 25% compared to a strand with a Cu/Non-Cu ratio of 1/1. A further decrease of the Cu/Non-Cu ratio down to 0.6 could be beneficial for protection [20] , to fully balance the hot-spot temperatures between high-and low-field regions, but is not considered effective for wire production [13] . Decreasing the Cu/Non-Cu ratio to 0.8 also only moderately increases the overall current density by around 10% and reduces the total conductor amount by around 5% for graded coils with 14% margin.
A more efficient solution to reduce the conductor amount is to aim for a higher critical current density J c . With the currently chosen parameters for FCC a further increase by around 30% to a J c (16 T, 1.9 K) = 3000 A/mm 2 could be used to linearly increase the overall current density. In the cos − θ design, at nominal current an increase from 350 A/mm 2 up to 450 A/mm 2 could be obtained in the high-field region, and the total amount of conductor could be reduced by 25% [21] , [22] . The increased J c also allows high-field cables with Cu/Non-Cu of 1/1, as favorable for wire processing, yet keeping the copper content low enough to reduce the unfavorable temperature gradients in the coil cross-section [22] .
The linearly increased overall current density translates in the inner layer directly to a decrease of the coil width with w ∝ 1/J overall and the coil area A ∝ w 2 + wa, with a being the aperture diameter. For a J c (16 T, 1.9 K) > 3000 A/mm 2 the overall current densities increase only with ap-
and J Non−Cu being the non-Cu current density; for the baseline EuroCirCol design the short sample peak field is around 19 T and therefore J Non−Cu = (1 − m) /k · J c (16 T, 1.9 K) with the loadline margin m = 14% and k = J c (16 T, 1.9 K)/J c (16 T, 1.9 K) = 1.9. The smaller increase in the overall current density is due to the required Cu for protection, making the increase of J c less efficient.
C. Choice of Operating Temperature
The choice of the temperature is driven by an overall optimization of the cost of the main concerned equipment: cryogenics, vacuum, and magnets. Operation at 1.9 K avoids designing a forced flow network in the magnet cold mass [23] , and greatly simplifies the vacuum and beam-screen design [24] . The capital and operation cost over 10 years of a FCC cryogenic system for a temperature at 1.9 K exceeds the one for 4.5 K by 360 MEUR [23] . By keeping similar temperature, enthalpy and current margins the loadline margin at 1.9 K in the magnets can be reduced from 18% (equivalent to 10% at 4.5 K) to 14% (equivalent to 5% at 4.5 K), when changing the operating temperature from 4.5 K to 1.9 K [25] . This change on the loadline margin corresponds to a cost saving of around 900 MEUR. Therefore, an overall cost saving for FCC can be achieved by setting the operating temperature to 1.9 K, which was set therefore to be the baseline operating temperature [26] .
D. Design Margins and Their Importance for Cost
To limit training, re-training and quenches during operation the margins shall be selected large enough. Regular re-training or quenching of the dipoles in the machine is not an option for the FCC. To achieve this goal the margins shall be selected such that after training and thermal cycle of each magnet, its next quench in the test facility is above the nominal current, such that during operation no re-training is required.
Currently, the loadline margin is selected and the relevant physical temperature, enthalpy, and current margins are a result of this choice for a given magnet design strategy. The temperature margin together with the efficiency of the mechanism of heat extraction is relevant in case of continuous losses, for example a magnet being under the shower of debris [27] . For instantaneous losses, i.e., for losses with time constants well below the time constants of thermal diffusion, like energy release due to coil movements induced by electromagnetic forces, the enthalpy margin is considered relevant, as it gives an indication of the allowed local temperature increase [27] . The current margin may help in providing the possibility of re-distributing the current in the cable to counteract for variation in the strand production, local strain and performance (RRR, J c , Cu amount, etc.) variations [28] . Altering the temperature, enthalpy and current margins individually may be achieved by altering the properties of the superconductor, and introducing novel materials in the dipole magnets, for example with large heat capacity, thermal and electrical conductivity [29] . To this end a dedicated R&D program would be required. The cost and even feasibility in the production phase for altering the margins individually is hard to predict at this stage.
Currently, the loadline margin is chosen equal for the different design options and temperature, enthalpy and current margins It is also worth noting, that currently most quenches occur at discontinuities of the coil (layer jumps, ends, heads), a 3D design study will be started within EuroCirCol to understand if the margins can be used more efficiently by increasing them as much as possible in all discontinuities. Within the technological companion program [3] , [31] and by building demonstrators one is urged to investigate if the amount of training quenches for the specified margin is reasonable. This would require testing all magnets with thermal cycle to ensure memory is kept. Also, long magnets and long-term quench behavior still need to be proven.
Currently, limited experience and statistics for the selection of the (loadline) margin of Nb 3 Sn dipoles at 1.9 K is available. Provided that a companion R&D program is set-up to understand and reduce training, a loadline margin in the range of 10% may be on reach. It has to be noted, that the choice of the loadline margin is one of the main cost drivers of the dipoles, because the amount of required conductor increases strongly with the loadline margin, as shown in Fig. 1 . Here, the loadline margins of the cos − θ dipole design at 16 T (18% and 14% margin) [32] , [4] , and a magnet initially optimized for 14 T (two-layers, non-graded, here adapted for protection at 16 T) are compared for a nominal field at 16 T and an operating temperature of 1.9 K. To limit the cost of the magnets and at the same time propose a conservative design, we select at this stage a loadline margin of 14%, as this selection is considered a good compromise between performance and cost. For example, for an additional margin of 4% (18% instead of 14%) the cost of conductor increases by around 30% or 900 MEUR. On the other hand, by decreasing the margin by 4% (10% instead of 14%) the conductor cost decreases by around 10% or 400 MEUR.
E. Nature and Extent of Grading
In dipoles the field is reducing over the coil width, which allows for increasing in discrete steps the current density to keep the loadline margin of the superconductor similar in each layer. This approach, called grading, allows for exploiting the full potential of the conductors by moving the operating point of each graded layer closer to the critical surface [1] , [12] , [33] , [34] . Therefore, less superconductor is required, meaning that the coil becomes more compact. A more compact coil with the same number of Ampere turns is able to produce -due to the increased geometrical efficiency -higher fields, allowing to further decrease the size of the coil. We can study the decrease of the required Ampere turns in a non-graded 60 deg sector coil as a function of the overall current density J overall [33] 
where R in is the aperture radius, the sector angle φ = 1/3π, and B the magnetic field without the contribution from the iron. The EuroCirCol cos − θ magnets with two-layer grading and 14% and 18% loadline margin require around 1.1 and 1.2 times less Ampere turns and around 2 and 2.5 times less conductor than a non-graded sector-coil with the same performance. The much larger saving for the 18% margin graded coil variant is due to the decrease by almost 30% of the overall current density in the high-field region when going from an 18% to a 14% margin design. These considerations indicate that grading is mandatory to use efficiently the superconductor and consequently reduce the magnet cost for 16 T dipoles. Currently, we foresee four-layer coils, fabricated from two double pancake coils, as excised for the D20 [35] . Here the splicing can be conveniently performed in a low-field region, while grading of each layer is technically complex as it requires the fabrication and splicing of single layer coils. The increase in efficiency from two to four layer grading is moderate with a reduction of conductor by around 10% (15% less Non-Cu) taking protection into account, see for cross-section [21] , and around 5% cost reduction for the magnet (the increased technical complexity, in particular for the additional splicing that has not been accounted for). It has to be noted that for the block design internal splicing cannot be avoided to allow for grading at all. However, for the cos − θ splicing between double pan-cakes is considered sufficient, and internal splicing currently seems not justified for the increased technical complexity and risk.
The use of Nb-Ti cable in the outer low-field parts of the coil may appear appealing because Nb-Ti is relatively easy to use, readily available, low in cost, and shows much smaller stress and strain sensitivity than Nb 3 Sn. If integrated in the EuroCirCol cos − θ coil and block coil Nb-Ti cable will most likely have to be impregnated together with the main Nb 3 Sn coil. For a loadline margin of 30% and under the assumptions that the dimensions of the low-field cable, the current and the Cu current density is unchanged, in field regions exposed to less than 4.9 T and 7 T Nb-Ti cable can be used in the cos − θ and block baseline designs (14% margin in the high-field part), respectively. Under these assumptions around 15% and 10% of the low-field and total conductor for the cos − θ [36] ; and 25% and about 20% of the low-field and total conductor for the block design can be replaced, respectively [5] . Therefore, a total cost saving of around 5% and around 15% can be achieved for the cos − θ and block design, respectively. In the four-layer cos − θ design the peak field in the low-field region is 12.6 T with a Cu/Non-Cu ratio of 2.2. In the block design, the peak field in the low-field region is 14.0 T with a Cu/Non-Cu ratio of 1.6. Therefore, more superconducting material and less Cu is used, which turns out to be favorable for the use of Nb-Ti conductor.
Here, the increased technical complexity, in particular for the additional splicing has not been accounted for. If internal splicing is performed, also a thinner or less performing and less expensive (e.g., bronze-route) Nb 3 Sn cable could be of interest. Due to the limited expected cost saving and the increased technical complexity and risk it was decided at this stage to not consider internal splicing and to not make the development of internal splicing a priority for the cos − θ design. However, at a later stage this option may be of interest especially for the block and common-coil design, which require in any case internal splicing for grading.
F. Aperture's Influence on Cost
To incorporate the complex structured beam screen, required to remove synchrotron radiation and to cope with impedance and beam stability, a larger aperture is favourable. The baseline has been set initially to 40 mm and then has been increased to 50 mm. For the cos − θ and common-coil design the free aperture is equal to the electro-magnetic aperture, in case of the block design a mechanical structure of 6 mm on each side is required to support the coils. The impact on the conductor area when increasing the aperture can be estimated for a sector coil [33] with
where A is the total conductor area including insulation for a double aperture coil, w the coil width, a the aperture diameter, B the magnetic field without the contribution from the iron and φ = 1/3π. The larger required magnet aperture for the block design results in an increase of conductor amount of around 15%, as confirmed with a cross-section with 50 mm electromagnetic aperture [37] . For the EuroCirCol baseline parameters an increase from a = 50 mm to a = 60 mm would increase the conductor amount by around 10% and the magnet cost by around 5%.
III. STRUCTURAL DESIGN AND COST
For the LHC dipoles the cost was 1 MCHF/dipole in 2000, with a share of approximately 1/3 for the conductor, 1/3 for the structure and 1/3 for the assembly [38] . This cost corresponded The manufacturing process of high-field Nb 3 Sn magnets involves more steps due to the required in-situ heat treatment of the coil, a different insulation technique, and a larger structure for shielding. However, at the same time the number of units is larger and it was shown for the LHC dipoles that a high learning percentage has been achieved [39] , which will help to reduce the cost for the 4578 + 5% spare units with a magnetic length of 14.3 m to be produced. Also, the larger amount of required steel for shielding is, in terms of raw material cost, not a major cost driver, as the steel's raw material accounts for only around 5% of the total cost of the magnets [40] , [41] . The impact on the cost due to the different structural design, based on keyand-bladders [4] - [6] , is currently under detailed study. So far all manufactured 2-in-1 magnets-including the LHC dipoleshave been based on a collared structure [38] . Here, the keyand-bladder concept is chosen. This concept allows achieving a peak pre-stress of around 200 MPa after cool-down at 1.9 K and keeping the pre-stress during assembly below 150 MPa, as believed to be required to not permanently degrade the performance of the superconductor. A fully-fledged structural analysis is currently being worked out by [4] - [6] . Therefore, at this stage a 30% cost increase compared to the LHC to 720 kEUR/magnet for the structure and assembly is assumed, to take into account the cost for the larger parts and more numerous assembly steps. A detailed cost study is worked out alongside with the design progress in collaboration with the magnet work package of HL-LHC [42] .
IV. COMPARISON BETWEEN DIFFERENT DESIGN CHOICES
Finally, we show on the preliminary grounds discussed beforehand the cost of the different design options in Table II not including spare magnets. This first estimate shows that the cost of the magnets is dictated by the cost of the conductor with around 50% of the total expected cost. Therefore, any effort to reduce the cost of conductor and minimize the required amount is in order at this stage, to optimize the cost efficiency of the dipoles. The presented cost is in line with previous estimates [10] .
V. CONCLUSION
An analysis of the different cost drivers for the high-field magnets for FCC has been presented, and the reasoning for the selection of the main parameters has been discussed -in particular for what concerns the technological choice of superconducting material (Nb 3 Sn), the target performance of Nb 3 Sn superconductor (J c = 2300-3000 A/mm 2 at 1.9 K and 16 T), the relevant design margins and their importance for cost (14% loadline margin), the aperture's influence on cost (50 mm), the choice of operating temperature (1.9 K), and the nature and extent of grading (two cable grading). Furthermore, the main cost driver (the conductor with around 50% of the cost) has been identified and the different design options (cos − θ, block and common-coil) have been compared on the basis of the currently available information. It has been found that the cost per magnet is in the order of 1.3 MEUR. The cost model will evolve alongside the EuroCirCol design study to identify the cost drivers and feed-back this information to the respective magnet designers to ensure cost effective EuroCirCol magnet designs from the start of this exciting project.
